Abstract: A burned area product was generated from Landsat 8 OLI based three-month composites 21
Various regional and global burned area algorithms have been developed, mainly from coarse 85 resolution sensors, such as the MODIS (the NASA MCD64A1 and MCD45A1, both at 500 meters, 86 available from 2000 onwards) [18] , and the MODIS Fire_ Climate Change Initiative (CCI) v5.0 87 product at 250m (from 2000 onwards) [20] , and the MERIS sensors (Fire_cci v4.1 with 300 m from 88 2005 to 2011) [29] . The coarse resolution is not optimal in ecosystems where the burned patches are 89 smaller than the spatial resolution of the sensors, leading to a high underestimation of the burned 90 area [10, [30] [31] [32] [33] . At a regional level, the Landsat Burned Area Essential Climate Variable (BAECV) 91
United States Geological Survey (USGS) derived burned product (30 meters, available between 92 1984-2015) (https://www.csir.co.za/20-year-burned-area-time-series-south-africa-landsat-data). 100
101
Since the opening of the Landsat archive in 2008 by the USGS, and followed by other organizations 102 such as the European Space Agency (ESA), research activities related to the use of medium spatial 103 resolution optical data have increased exponentially [36] . Nonetheless, a burned area mapping 104 algorithm implementation at a country or continental scale requires an enormous processing effort, 105 first downloading and saving the data locally, pre-processing and applying the designed algorithm 106 in an efficient way. The emergence of the Google Earth Engine (GEE) platform in 2009 not only 107 allows the use of Google's cloud resources for processing but also provides access to petabytes of 108 satellite data for the scientific community to carry out various types of research [37] . Many diverse 109 topics have been covered in this platform, for example, global forest change [38] , global urban land 110 using [39] , cropland mapping [40] , settlement and population mapping [41] , global surface water 111 change [42] , flood mapping [43] and fire recovery [44] . 112
113
The aim of this study was to develop and implement within Google Earth Engine a procedure to 114 obtain a map of burned areas over Latin America and the Caribbean using Landsat 8 data. Data from 115 1 st January until 31 st December 2016 was used, covering the different temporal fire patterns across 116 this area. A preliminary validation was carried over 40 locations that represent different ecosystems, 117 land covers and countries, and a first comparison with the MCD64A1 derived burned surface 118 product is performed, in order to assess the impact of the spatial resolution in different ecosystem 119 settings over the study region. 120 121
Materials and Methods 122

Study area and data 123
NASA/NOAA Suomi National Polar-orbiting Partnership (Suomi-NPP) satellite Visible Infrared 127
Imaging Radiometer Suite (VIIRS) 375 m product hotspots [25] . The main fire activity is from 128 January to May in the Northern Hemisphere and from July to November for the Southern 129 Hemisphere. According to the FAO GLC-Share Land Cover database [45] and VIIRS hotspots, fires 130 are located mainly in tree covered areas (58%) followed by shrublands (14%), croplands (12%) and 131 grasslands (11%). At a national level, Brazil is the most affected country (45%), followed by Mexico 132 (10%), Bolivia and Venezuela (9%), Argentina (7%) and Colombia (5%). 
138
The burned area mapping was carried out using the existing Latin America for MODIS Collection 6 vs 2.9 million hotspots for VIIRS. 175
Compositing criteria 176
Landsat images were aggregated in three month pixel-based multitemporal composites in order to 177 overcome the artificial partitioning into footprints and partially useful image areas (to reduce cloud 178 and aerosol) [53] , fill missing values, and reduce the data volume [54] . One of the most common 179 compositing procedures is to get the pixel values of the acquisition with the maximum NDVI of the 180 time series [55] . This was usually performed for coarse resolution datasets but it and even with 181
Landsat data [54] , but it has been found unsuitable for burned area mapping, because of the low 182 sensitivity of NDVI to retain the post-fire signal [56] . Our Burned area Algorithm (BA) first created 183 for each month of 2016 (the process is repeated 12 times), two sets of composites using images from 184 three months before t-1 and after t+1 the targeted month. For the post composite, each pixel retained 185 the maximum NBR2 value of the compositing period. This criterion intended to maximize the 186 sensitivity to the post-fire signal while avoiding the cloud-shadows (clouds are already removed 187 with the masking criterion). For the pre composite, the median of the NBR2 values of all input 188 images was retained (in this case a fixed threshold of 0.06, empirically obtained, was used in each 189 individual image to mask the shadows). 190
Burned Area Mapping Algorithm 191
The burned area mapping algorithm employed a two phase strategy (Figure 3) , identifying first the 192 burned seeds (BAseed) as areas with very high probability to be burned, and afterwards refining the 193 process on the neighborhood areas using less restrictive criteria (BAneighborhood). This strategy has been 194 used both for low and high resolution images [29, 47, 48, 50, 57] . In this case, the two phase strategy 195 has been implemented with a simple spatial operation, using a spatial grouping of connectiviy 4 196 (above, below, left, right) If the mean separability (taking into account the 6 variables) between the burned and unburned 222 category is higher than 1, the Otsu derived threshold were applied to equation (2). The Otsu 223 approach [60] assumes that the image contains two classes of pixels following a bimodal histogram 224 (foreground pixels and background pixels), it then calculates the optimum threshold separating the 225 two classes so that their combined spread (intra-class variance) is minimal, or equivalently (because 226 the sum of pairwise squared distances is constant), so that their inter-class variance is highest. Otsu's 227 method exhibits a relatively good performance if the histogram approximates a bimodal with clear 228 separation valley between two peaks, but this assumption is not always true, for example if the 229 object area is small compared with the background area, or the variances of the object and the 230 background intensities are large compared to the mean difference [22] . To avoid unbalanced sizes 231 for burned and unburned pixels, the same number of candidate burned and candidate not burned 232 samples (10,000) were used. The burned candidates were obtained for the pixels around 250 meters 233 from the hotspots and were labeled as burned at the initialization, while another 10,000 were 234 obtained for the areas labeled by not burned at the initialization. A total of 20,000 samples areas were 235 used to compute the Otsu threshold for each variable, and were then applied to the equation (2), 236 obtaining the BAOtsu1. Again the mean separability was computed for the BAOtsu1, obtaining a new BA 237 in case it was lower than 1. In this case, Otsu thresholds were computed again and applied to 238 equation (2) 
Temporal aggregation 247
The BA algorithm is designed for a 6 month data span, using the three first months as comparison 248 and the last three months for burned area detection, and repeating the process with a shift of one 249 month so 12 executions were done in total (Figure 4 ). In each process, each burned labeled pixel had 250 the date of the burned composite used; therefore, and especially when the burned signal remains 251 permanent, the same burned pixel is usually mapped in the different consecutive processes, so a 252 final aggregation process is done, getting for each pixel the earliest date of all the detections. An initial preliminary validation was carried out whereby fire reference perimeters were generated 265 from two multi-temporal Landsat 8 images, following the standard protocol defined by the CEOS 266 . In this case, not the whole scenes were used but only one 0.25 ° x 0.25° grid cell size in 267 order to improve the accuracy of the reference perimeters which makes this extent more 268 manageable. Reference perimeters were calculated using the BAMS methodology [48] implemented 269 in Google Earth Engine. Scenes with a temporal difference as low as possible were selected, since 16 270 days to 64 in areas with high cloud cover. 40 validation sites were chosen, covering different burned 271 areas sizes (from ~ 2 km 2 to ~ 360 km 2 ), countries (12), ecosystems (11) and land covers (4) in the 272 study area ( Figure 5 , Table A1 ). This validation is based on the same data used in the algorithm so it 273 is considered more of a comparison among the visual analysis between two scenes and the 274 automatic algorithm defined in this paper. 275 276 
278
Computed accuracy metrics included omission error (OE), commission error (CE) -Dice coefficient 279 (DC), and relative bias (relB), only for the burned category, ( Table 2 ). The Dice coefficient is the 280 conditional probability, presented as a percentage, that if one classifier (product or reference data) 281 identifies a pixel as burned, the other one will as well, and therefore integrates omission and 282 commission errors [65] . The relative bias provides the proportion, presented as a percentage, that 283 burned area is under or overestimated relative to the total burned area of the reference product [66] . 284 285 The estimated burned area for the whole study area was 517,992 km 2 , where 40% affects tree covered 298 areas, 22% of shrub covered areas, 16% of grasslands, 15% of croplands, 5% of herbaceous vegetation 299 and the remaining 2% on other residual land covers. Taking into account the countries, Brazil was 300 the most affected country with almost half of the burned area, followed by Venezuela and Bolivia 301 which have almost four times less surface area than Brazil (Table 3) The analysis of the sizes of the fires shows great differences between countries (Table 3) . For 310 example, for the six countries most affected by fires (Brazil, Venezuela, Bolivia, Mexico, Argentina, 311 Colombia), the median detected burned percentage was in the 100 -1000 ha range, with the 312 exception of Bolivia, where the impact of the areas higher than 1000 ha is large (61%), and Mexico, 313 where the fires lower than 100 ha are more representative (61%). For the rest of the countries with 314 more than 1000 km 2 of estimated burned area (Argentina, Colombia, Paraguay, Peru, Guatemala,Honduras, Nicaragua, Cuba, Chile, Ecuador, Guyana, Panama, Costa Rica, El Salvador), the 10 -100 316 ha fire size was the most representative. 
322
Validation results 323 Table A2 shows the validation results for the 40 sites. Overall results (aggregation of the 40 324 confusion matrixes) show quite balanced omission error (18.9%) and commission error (15.5%), with 325 a relative Bias of 0.041 and 82.7% Dice Coefficient. The accuracy, however alters differently 326 depending on the region and land cover affected, ranging from 0.4% (ID 38, Argentina / shrub 327 covered) to 86.5% (ID 10, Honduras /tree covered) omission error, and from 1.4% (ID 31, Argentina / 328 shrub covered) to 90.9 % (ID 8, Mexico/croplands) commission error. In general, omission errors are 329 related to the strict thresholds obtained by the algorithm designed for this study, because of the 330 lower contrast between the burned areas and the background which causes a decrease in the 331 separability, leading to the use of option 2 or option 3 in the algorithm. This is for example the case 332 in ID 2 (Mexico/ tree covered), ID 4 (Mexico/tree covered) and 10 (Honduras/tree covered) with 333 54.9%, 42.8% and 86.5% of omission, respectively. In some other cases, as in ID 29 334
(Argentina-Paraguay / shrub covered) with 37.4% omitted, the applied thresholds seem to be 335 adequate as they detect most burned areas, but some burned pixels have already recovered to a large 336 extent and cannot be detected. Another source of omission error has shown to be the delay of the 337 date of detection of the product, caused for the compositing step, which is very noticeable for 338 example in ID 25 (Brazil/ tree covered) with 73.5%. In this validation area, the product detects mostof the burned area, but has set a later date than the post composite used for create the validation 340 perimeter (and so it is considered as omission). 341 342
The highest commission error (>90%) was obtained in ID 8 (Mexico/croplands). This confusion was 343 related to croplands (an illustrative example of the confusion with croplands in Mexico is shown in 344 shown in Figure 9 . 75% of the active fires show a detection delay of the Landsat product lower than 370 23 days, with 20% between 23 and 52 days, and 5% detected later than 52 days. 371
Comparison with MCD64A1 372
The comparison of the Landsat product and the MCD64A1 product has been carried out with the 373 aggregated BA over the whole year. Burned area grouped by countries (in World Cylindrical_Equal 374
Area projection - Figure 10 ) and the spatial agreement in a 0.1 x 0.1 degree grid (approximately 11 x 375 11 km) has been analysed (Figure 11 ) for the whole study area. This spatial agreement was also 376 grouped by the main affected land covers (tree cover, cropland, grassland and shrub cover) in order 377 to assess the behaviour at different types of cover (Figure 12) . Generally, the Landsat product detects 378 more burned area than the MCD64A1, with an overall increase of 63% in respect of MCD64A1. For 379 example, in Brazil, 45% more burned areas have been detected, 89% more in Venezuela, and 40% 380 more in Bolivia. In Mexico, almost a 200% increase has been detected. This overestimation is also 381 very clear taking into account the slope of the linear regression equation of 0.711. According to the 382 differences displayed in Figure 11 , the areas in red/orange correspond to grids with a high burned 383 percentage estimation by MCD64A1 and very low for the Landsat product. This behavior isobserved locally in many countries, but clearly in Venezuela, Colombia, different states in Brazil 385 (North and Central part), Bolivia and Argentina. This omissions indicate areas with real omissions in 386 most cases, as the VIIRS hotspots also indicates clearly large burned areas, but the algorithm was not 387 able to detect them on the Landsat images. In those areas, the effective temporal resolution of 388
Landsat (theoretically at 16 days) may have been much lower due to high cloud coverage, so the 389 burned surface had already recovered when the OLI sensor observed it. The omissions in central 390
Argentina are not related to a disappearing signal but to the time they were burned, just at the end of 391 the year and these burned areas were not acquired by Landsat in 2016. Nevertheless, the green and 392 blue areas in Figure 11 correspond to areas with a higher surface detection of the Landsat product 393 than the MCD64A1 product. This higher detection was observed in all land covers with slopes of 394 0.817 for shrub covered areas, 0.743 for tree covered areas and 0.601 for grassland, but specifically in 395 croplands with a slope of 0.375 which suggests a tendency for confusion of this land cover type with 396 burned areas. 397 
Discussion 409
The methodology of burned area mapping designed in this study relies on three-month burned area 410 composites based on maximizing the NBR2 spectral index compared to a previous three-month 411 composite, this case, using the median of the time series. Since the Landsat Quality Band Assessment 412 (QA) used for masking cloud and shadows has been able to mostly avoid these artifacts, an 413 empirical threshold based on Landsat 8 Band 1 was required to avoid residual clouds (with high 414 NBR2 values) on the burned area composite, and a SWIR band-based criterion to avoid the cloud 415 shadows on the previous comparative composition. The NBR2 maximizing criterion has been able to 416 retain mostly the burned areas in the considered period, but inducing a delay on the detection date 417 of the burned date, especially in local regions inside the burned patch or at the borders. This means 418 that if a burned area is observed in more than one of the following Landsat scenes, there will be 419 many occurrences of the NBR 2 maximum values not matching with the first detection date, causing 420 a full or partial delay of the burned patch. This detection delay is clearly visible when the Landsat 421 burned dates are compared against the dates of the active fires (Figure 9 ), in which 25% of the dates 422 of the burned patches that intersects the hotspots have a detection delay higher than 23 days. 423
Different burned area composites have been previously assessed, for example using the NBR 424 maximizing criterion, obtaining visually similar results for the burned areas, although this criterion 425 has retained more artifact pixels such as cloud shadows which have low NIR similar to the burned 426 areas. 427
428
The algorithm proposed in this paper was based on thresholding of the NBR, NBR2 and NIR 429 variables for the three-month composites to obtain the candidate burned regions, which were 430 intersected with the seeds obtained using the cut-off values extracted from samples at the hotspots 431 (considering a 250 m buffer). This two phase approach is quite popular in burned area mapping 432 algorithms and allows the balancing of the omission and commission errors [47] . The logic behind 433 the algorithm takes into account the separability of the burned and unburned category for getting 434 adequate local thresholds (individually for each 0.25° x 0.25° processing grid) to obtain the burned 435 candidates. After a standard initialization with fixed criteria (option 1), if the mean separability of 436 the six variables is good (higher than 1), the burned regions that has at least one seed are obtained as 437 a result. If the contrast between the burned/unburned categories is not high enough, the Otsu 438 technique is used, using a distribution formed equally with the values extracted at the hotspots and 439 the unburned initialized category (option 2). This second step increases the threshold values and 440 therefore the observed separability. If the separability is still not high enough, Otsu is again applied 441 over the burned/unburned cartography from the previous step (option 3). The established criterion 442 based on separability means that a grid with burned candidates detected with option 1 can have 443 neighbors that have reach option 2 and 3, and, therefore, a grid effect is observed (some 0.25° grids 444 with significant more burned areas than their neighbors). This effect is sometimes more pronounced 445 because of the criterion established to ensure the burned area mapping obtained at the initialization 446 is well characterized with the hotspots (if at least 1% of the burned pixels detected are not within 250 447 meters from hotspots considered in the post composite period). Fortunately this behavior was 448 observed mainly in areas with a low fire activity, but it may affect local users of the product.
450
The proposed algorithm was repeated 12 times (for each month) comparing the following three 451 months composite to the previous three months composite to cover the whole of 2016. This means 452 that the same burned patch is usually detected in consecutive processes, so a posterior aggregation 453 process was required to get the first detection date for each pixel. This temporal process, jointly with 454 the delay of the detection caused by the NBR2 index makes that part of the same burned patch have 455 different dates, segmenting the burned patch in smaller parts (one for each date). consequence of the platform and clouds, and some errors identified as omissions that are related to 471 dating issues (areas detected, but later than the validation period considered). As for commission 472 errors, the most critical observed issue is the commission errors observed in croplands. This land 473 cover shows a very similar spectral-temporal behavior, with a high contrast with unburned areas 474 (not cropland areas), with many differences in crop types and planting times, accomplished many 475 times with active fires detection related to agricultural practices making the algorithm confused with 476 burned areas [47, 67, 68] , even during visual analysis. This commission error has been visually 477 assessed in many areas in Mexico, Brazil, Argentina and Uruguay and should limit the usefulness of 478 the product in this land cover type. This behavior is also clearly seen when comparing the burned 479 area maps for 2016 with the MCD64A1 product, one of the most accurate global burned area 480 mapping products [30] created with Terra and Aqua MODIS sensors. The scatterplots comparing the 481 burned area for both products show a high overestimation tendency in this land cover (linear 482 regression slope of 0.375 ) although it is known fires are usually underestimated on this land cover 483 due to small fire sizes [69] . However, this overestimation is also shown in other land covers 484 (regression slope between 0.60 and 0.82), and gives a total of 63% more burned area than that 485 detected by the MCD64A1 product, 200K km 2 more (318K km 2 in comparison to 518K km 2 ), and it is 486 in agreement with the validation of this product [30] . This higher estimation of the Landsat product 487 is related to the higher spatial resolution of the Landsat sensors which are able to detect smaller fires 488 (0.1 ha) compared to the MODIS-based product (25 ha). Figure 13 The Google Earth Engine (GEE) platform was a crucial component in this research. Not only was the 512 allowed the generation of the product in a very cost-efficient way. Three concurrent GEE users were 514 producing the product in a parallel manner, processing five 0.25 x 0.25 ° tiles at the same time for 515 each user. The JavaScript Google Earth Engine API was used for testing the algorithm within the 516 Earth Engine Code Editor and a simple migration to the Python Google Earth Engine API was done 517 to have more control over the tiles-based processing and not to exceed the computation limits. The 518 generation of the product took approximately one month with three users, requiring a paid upgrade 519 of the storage to get the final result. 520
Conclusions 521
A new methodology for mapping burned areas has been presented in this paper, based on the 522 Landsat 8 Surface Reflectance Product and VIIRS hotspots, and has been tested over for 2016 in Latin 523
American and the Caribbean. The burned area algorithm defined in this work takes advantage of the 524 synergy of the burned area signal detection that lasts longer, and the hotspots that records the 525 thermal anomalies of the burning fire just at the overpass of the satellite, but it has been found to 526
have very low commission rates [71] . Based on these active fires, locally adapted thresholds are 527 computed in a two phase mapping algorithm. Initially applied over a very large region of more than 528 20 million km 2 and many ecosystems and land covers, the authors of this work believe it could be 529 applicable also at the global scale. The achieved burned area product has displayed a high accuracy 530 over 40 comparison sites (omission and commission errors below 20%) and has mapped a total of 531 518K km 2 of burned areas, obtaining a more detailed cartography of the fires, even for those smaller 532 than 25 ha, than that from global burned area products with a coarser spatial resolution such as 533 MCD64A1. However, several issues have been detected that potential users of this product should 534 be aware of: 535 i)
Large omissions have been locally detected as a result of the comparison of the product 536 with the MCD64A1 product, due to the lower temporal resolution of this product. 537 ii)
Systematic commission error has been detected in croplands, so users should be 538 cautious with burned areas in this land cover type. 539
iii)
A delay of the detection dates of the fires was observed (25% of the fires were higher 540 than 23 days), especially at the borders of burned/unburned areas, where the impact of 541 the fire patch size becomes more evident and the result has a patchy aspect as a 542 consequence (the latter would be easily overcome with spatial-temporal aggregations). 543 Accordingly, more research is required to improve the observed confusion in croplands, and to have 544 a quantitative and independent (not Landsat-based) spatio-temporal assessment of the fire and the 545 impact of the temporal composites methodology not assessed yet at this spatial resolution. 
